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A B S T R A C T
This article describes how to obtain reliable data during rheological analysis of active pharmaceutical in-
gredient/fatty acid suspensions. These materials are specifically used for prilling, an innovative pharmaceutical
technique for the production of a multiparticulate dosage form. Nevertheless, presented guidelines are applic-
able for a wide range of pharmaceutical suspensions. Reliable rheological results can only be obtained when
being aware of artefacts, such as a non-continuous medium, sedimentation, apparent wall slip and protrusion
flow. To comply with the continuum hypothesis at high phase volumes (≥25% w/w), the required gap-to-
particle-size ratio may be larger than the generally accepted 10:1 ratio. Reproducible flow curves that are not
disturbed by sedimentation during sample analysis can be obtained faster by varying the shear rate stepwise
from high to low values. While apparent wall slip (at low shear rates) can be prevented via serrated instead of
smooth plates, protrusion flow (at high shear rates) during measurements with serrated plates results in non-
reliable data. Therefore, in general, high viscous suspensions with yield stress can be analysed with serrated
plates, while low viscous suspensions without yield stress should be analysed with geometries having smooth
surfaces. By following these guidelines, accurate rheological properties of pharmaceutical suspensions can be
obtained.
1. Introduction
Pharmaceutical suspensions are produced for multiple routes of
administration (oral, topical or parenteral) and can be formulated to
mask a bitter taste of the active pharmaceutical ingredient (API), in-
crease the API stability or control the drug release. Knowledge about
the rheological properties of pharmaceutical suspensions is crucial to
design effective production processes and products. In that respect,
viscosity of a pharmaceutical suspension is a critical parameter during
production, storage, dosing and administration. For example, while a
high viscosity prevents particle sedimentation, it has a negative effect
on the syringability, spreadability or ease of administration of par-
enteral, topical or oral suspensions, respectively. Therefore, parenteral
suspensions are usually formulated with a low viscosity (containing a
low concentration of solids), while oral suspensions are generally for-
mulated at higher viscosities (containing higher solids content) to en-
sure product stability without compromising drug administration
(Manoharan et al., 2010; Mastropietro et al., 2013; Bruschi, 2015).
During the evaluation of an innovative pharmaceutical production
technique, i.e. prilling, De Coninck et al. (2019, 2020)) demonstrated
that the viscosity of an API/fatty acid (FA) suspension not only de-
termines the processability, but also the product quality. In the prilling
process, the suspension (API suspended in a molten FA) is pumped
through a nozzle and converted into droplets, which are subsequently
quench cooled, yielding solid spherical particles (i.e. prills). While
highly viscous formulations are not processable due to a disturbed
droplet formation at the nozzle and an interrupted feeding to the nozzle
(De Coninck et al., 2020), low viscous formulations result in an in-
homogeneous API distribution in the produced prills, compromising the
controlled drug delivery (De Coninck et al., 2019).
Considering the different scenarios mentioned above, it is clear that
pharmaceutical suspensions exist over a wide range of physical char-
acteristics. These suspensions usually present a complex rheological
behavior depending on e.g. the particle volume fraction, and the size
and shape of the suspended particles. In particular, the viscosity of
these suspensions can be a function of the shear rate, temperature and
time (Mastropietro et al., 2013; De Coninck et al., 2019; Vervaeck et al.,
2014; Mueller et al., 2010; Rawle, 2010).
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The task of obtaining reliable viscosity data of pharmaceutical
suspensions over a wide range of representative process conditions can
be challenging. Artefacts encountered in the rheological characterisa-
tion of these suspensions can lead to inaccurate viscosity data (Barnes,
2000; Cardinaels et al., 2019; Barnes, 2000; Marchesini et al., 2012; de
Souza Mendes et al., 2014; Barnes, 1995; Cloitre and Bonnecaze, 2017;
Malkin and Patlazhan, 2018; Marchesini et al., 2015; Carotenuto et al.,
2015; Paduano et al., 2019). Therefore, it is important to understand
the conditions in which these artefacts arise and how to circumvent
them to avoid misleading conclusions during the design of production
processes and products.
The most relevant artefacts reported in viscosity measurements of
similar materials arise from (i) improper sample placement on the
rheometer (Barnes, 2000; Cardinaels et al., 2019), (ii) violation of the
continuum hypothesis employed in the rheometer theory (Barnes,
2000; Marchesini et al., 2012; de Souza Mendes et al., 2014), (iii) se-
dimentation (Barnes, 2000), (iv) apparent wall slip during measure-
ments (Barnes, 1995; Cloitre and Bonnecaze, 2017; Malkin and
Patlazhan, 2018; Marchesini et al., 2015), and (v) flow through the
macroscopic roughness of the geometry surfaces in contact with the
sample, i.e. protrusion flow (Carotenuto et al., 2015; Paduano et al.,
2019). Measurement errors due to improper sample placement occur
either when the sample being tested is not representative of a large
batch of material (Barnes, 2000) or when the sample volume does not
precisely fill the gap between the geometry surfaces (Cardinaels et al.,
2019).
In rheological analyses of suspensions, there is also the risk of ob-
taining inaccurate data when the size of dispersed particles and ag-
gregates approaches the size of the gap between the geometry surfaces
(Barnes, 2000; Marchesini et al., 2012). This is so because the rhe-
ometer theory assumes that the material being tested is a continuous
medium, but this hypothesis is not valid when sufficiently large parti-
cles are present (Barnes, 2000; Marchesini et al., 2012; de Souza
Mendes et al., 2014). Besides that, large particles dispersed in a low
viscous medium can give rise to measurement error due to sedi-
mentation, especially when performing long tests (Barnes, 2000).
Another important artefact in rheological measurements arises from
the apparent wall slip phenomenon observed in flows of dispersions,
especially when the material presents yield stress (Barnes, 1995; Cloitre
and Bonnecaze, 2017; Malkin and Patlazhan, 2018; Marchesini et al.,
2015). This phenomenon affects viscosity measurements at low shear
rates if the roughness of the geometry surfaces in contact with the
sample is not significantly larger than the characteristic size of the
dispersed phase. In this case, viscosity values lower than the correct
values are usually obtained in the low shear rate region (Barnes, 1995;
Cloitre and Bonnecaze, 2017). However, when the roughness of the
geometry surfaces is too large, secondary flows through this macro-
scopic roughness can become significant, which also introduces error in
viscosity measurements (Carotenuto et al., 2015; Paduano et al., 2019).
In general, if these protrusion flow effects are significant, lower visc-
osity values are also obtained, especially in the high shear rate region.
Much progress has been made in terms of developing methods for
circumventing potential artefacts in rheological measurements, so that
accurate properties can be obtained. Cardinaels et al. (2019) have re-
cently quantified the error in rheological measurements due to over-
filling the geometry gap. They observed for Newtonian liquids that
viscosity measurements with the parallel plates geometry can be up to
30% higher depending on the sample volume used. Cloitre and Bon-
necaze (Cloitre and Bonnecaze, 2017) as well as Malkin and Patlazhan
(Malkin and Patlazhan, 2018) have reviewed the state-of-the-art
methods to circumvent apparent wall slip in rheological measurements.
Paduano et al. (2019) have recently investigated the error due to flow
through the macroscopic roughness of the geometry surfaces. They
considered the surface roughness as a porous medium and successfully
accounted for this error in rheological measurements of simple vis-
coelastic liquids.
However, it is important to note that most of the works in this field
focus on a single artefact for specific types of materials, which are
usually not so complex as materials found in industries. More general
guidelines on how to avoid artefacts in the rheological characterization
of industrially relevant materials are available, e.g. for waxy crude oils
and biodiesel (Marchesini et al., 2012; Alicke et al., 2015). Un-
fortunately, these guidelines are not suitable for pharmaceutical sus-
pensions, because they are designed for materials presenting artefacts
of different nature, such as evaporation and thermal shrinkage.
Therefore, this article gives an overview of the main pitfalls during
rheological analysis of API/FA suspensions and presents guidelines on
how to avoid artefacts in rheological measurements of pharmaceutical
suspensions by using reliable experimental methods. These guidelines
are applicable for a wide range of pharmaceutical suspensions and can
be useful for obtaining accurate properties for the design of production
processes and pharmaceutical products.
2. Materials and methods
2.1. Materials
The continuous phase of the suspension consists of behenic acid
(BA), a long chain saturated FA with a carbon chain length of 22. BA
was purchased from Oleon (Radiacid 0560, Ertvelde, Belgium) with a
C22 purity of 88.9% and a melting point of 75 °C. The dispersed phase
of the suspension consisted of metformin hydrochloride (MET) pur-
chased from Granules (Hyderabad, India) or paracetamol (PAR) pur-
chased from Mallinckrodt (Manchester, UK). These model drugs have a
water solubility of 297 and 8 g/L (20 °C), respectively and De Coninck
et al. (2019) demonstrated via hot stage microscopy that both APIs are
insoluble (< 1%) in molten BA. The MET particles were sieved to
50 µm and the PAR particles were sieved to 150 µm prior to the ad-
dition to the molten BA to prevent nozzle obstruction during the prilling
process (De Coninck et al., 2019). Their particle size distribution is
obtained via a dynamic image analyser (Camsizer XT, Retsch Tech-
nology, Haan, Germany), as discussed by De Coninck et al. (2019) and
shown in Table 1. The MET particles present more rounded shapes of
spherulites, while the PAR particles present more irregular elongated
shapes (De Coninck et al., 2019).
2.2. Sample preparation
Samples for rheological analysis were prepared in a thermostated oil
bath (105 °C) placed on a magnetic stirring plate. After melting BA,
sieved API was added under continuous stirring (500 rpm). Then, the
suspension was stirred for at least 15 min to ensure a homogeneous
mixture. This procedure is in accordance with the mixing protocol used
during the prilling process described by De Coninck et al. (2019). They
reported a stable drug content as a function of processing time, which
indicates that the mixing procedure was sufficient to nicely disperse the
particles. After 15 min of stirring, a proper amount of the homogeneous
mixture was placed on the heated bottom plate of the rheometer with
the aid of a spatula.
Table 1
Particle size (d10, d50, d90 and span) and shape (aspect ratio) of metformin
hydrochloride (MET) and paracetamol (PAR) (De Coninck et al., 2019).
API powder: size and shape
d10 d50 d90 span AR
(µm)
MET 5 17 37 1.84 0.81
PAR 5 13 38 2.59 0.77
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2.3. Rheometer
A stress-controlled rotational rheometer (HaakeTM Mars III, Thermo
Fisher Scientific, Waltham, USA) was used to evaluate the viscosity of
pure BA and API/BA suspensions. Both smooth and serrated plate-plate
geometries (diameter: 60 mm) were employed. The dimensions of the
protrusions in the serrated plates are illustrated in Fig. 1. The zero gap
for the serrated plates was defined as the position where the protrusions
of the upper and lower plates touch each other. The temperature was
kept constant in all tests using a Peltier system integrated in the lower
plate combined with a geometry cover. The reproducibility of data was
verified for each system by repeating the experiments for the different
conditions (see Section 3.6, where three repetitions are performed for
each system). The data in the plots correspond to a representative test
for each condition, and the error bars illustrate the standard deviation
obtained.
3. Results and discussion
In this section, a discussion is provided on appropriate experimental
methods to obtain reliable rheological data for pharmaceutical sus-
pensions. First, it is described how to prepare representative samples for
rheological characterisation and how to select the geometry gap to
ensure reliable data. Second, it is examined how to avoid artefacts in
rheological measurements, such as sedimentation, unwanted transient
effects, apparent wall slip and protrusion flow. Third, it is verified that
by using these recommended methods, reproducible results can be
obtained.
3.1. Sample loading method
In general, literature and rheometer manufacturers suggest to load
an excess of material on the lower plate. After lowering the plate to a
gap 5% higher than the measuring position, excess sample needs to be
trimmed to prevent measurement errors due to gap overfilling
(Cardinaels et al., 2019; Cardoso et al., 2015).
However, this generally employed method was unsuitable for the
API/FA suspensions used in the current study because of their low
viscosity and tendency for phase separation during the squeeze flow
between the plates when lowering the upper plate. As the API/FA
suspensions are continuously stirred during the prilling process, no
stabilisers are added to the formulation. De Coninck et al. (2019)
confirmed the uniform drug load of prills manufactured without the
addition of stabilisers.
However, phase separation during sample preparation and loading
for rheological analysis must be prevented. Liquid-solid separation
during sample loading was visually observed in the current study and
also described by (Cardoso et al. (2015) during rheological analysis of
cement pastes. They observed a significant difference in water content
of the cement paste removed via trimming and the evaluated sample.
In conclusion, the method of gap overfilling followed by trimming
to remove the excess of sample would result in an API/FA suspension
with a deviating drug load between the plates. To maintain re-
presentative samples of the API/FA suspensions, an appropriate amount
of suspension was carefully applied on the lower plate to obtain a
properly filled gap between the plates without the need for trimming, as
suggested by Cardinaels et al. (2019).
3.2. Continuum hypothesis and gap-size requirement
Because the rheometer theory is based on the continuum hypoth-
esis, it is important to ensure that the gap of the rheometer geometry is
much larger than the size of the dispersed phase of the suspension. A
widespread rule of thumb is to use a gap size of> 10 times the particle
size to produce gap-independent results. The use of smaller gaps would
violate the continuum hypothesis, and result in higher flow resistances
and unreliable data (Barnes, 2000; Marchesini et al., 2012; de Souza
Mendes et al., 2014).
Based on the particle size analysis of the sieved, pure APIs (Table 1),
a gap size of 380 µm (d90≤ 38 µm) would be sufficient according to the
rule of thumb generally employed. However, as discussed by Barnes
(Barnes, 2000), this recommended minimum gap-to-particle-size ratio
of 10:1 is not sufficient if phase volumes (i.e. volume of suspended
particles relative to the continuous phase volume) were higher than
25%. Since phase volumes above 40% are evaluated in the current
study, a gap-to-size ratio of> 50:1 was used in accordance to Barnes
guidelines to ensure gap-independent results, i.e. a gap of 2 ± 0.1 mm.
It is important to highlight that this is a safe choice to ensure that the
continuum hypothesis is valid.
Note that the gap-size requirement is the main reason why plate-
plate instead of cone-plate geometries are preferred for the rheological
analysis of suspensions, as particles would easily jam in the vicinity of
the cone tip (Barnes, 2000; Marchesini et al., 2012). As the gap can be
varied in the plate-plate geometry, it would be possible to experimen-
tally determine for a particular suspension the minimum gap size re-
quired to ensure gap-independent results. This method can be employed
as an alternative to the safe choice recommended by Barnes (Barnes,
2000). A more detailed discussion on that can be found elsewhere
(Marchesini et al., 2012).
3.3. Avoiding sedimentation and transient effects
After loading a sample of an API/FA suspension between the rhe-
ometer plates, (Section 3.1), at an appropriate geometry gap, (Section
3.2), rheological analysis can be performed. To obtain a reliable flow
curve (which describes the viscosity of the suspension as a function of
shear rate only), the temperature is kept constant and each point re-
presents a steady-state condition. Hence, transient effects, such as vis-
coelastic or thixotropic effects, must be avoided when measuring the
flow curve. In addition, to ensure that the flow curve truly describes the
behavior of the suspension, sedimentation must be negligible during the
measurement to ensure that a representative sample is present in the
rheometer during the entire test.
In literature, it is often recommended to perform a rotational pre-
shear step just before the start of a rheological test of a suspension in
Fig. 1. Schematic drawings of the protrusions on the surface of the serrated
plates (1 mm × 1 mm × 0.4 mm).
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order to improve reproducibility by imposing a controlled shear history
to the sample, which helps eliminating unwanted transient effects in the
flow curve. In addition, it is recommended to measure the flow curve
via a stepwise increase of the shear rate (Mueller et al., 2010).
Flow curves obtained via a stepwise change in shear rate for a MET/
BA (30/70) suspension without and with a 10 min rotational pre-shear
(i.e. 90 or 250 s−1) are shown in Fig. 2. The shear rate was varied
stepwise either from 0.1 to 3000 s−1 (increasing) or from 500 to 0.1 s−1
(decreasing). In the latter, a maximum shear rate of 500 s−1 was used,
because at higher shear rates some samples were ejected from between
the plates during the start-up of the experiment, as illustrated in Fig. 3.
It should be noted that for sufficiently high shear rates, centrifugal
forces become important, giving rise to an inertial instability that in-
troduce errors in viscosity measurements (Connelly and Greener, 1985;
Ewoldt et al., 2015). This instability causes a detectable artificial in-
crease in viscosity measurements above a critical shear rate, and lead to
sample ejection at too high shear rates. By employing the equation
provided by Connelly and Greener (Connelly and Greener, 1985), this
critical shear rate can be estimated for the pharmaceutical suspensions
investigated to be in the range of 150–190 s−1. However, the results
obtained do not show inertia effects on viscosity measurements at shear
rates up to 500 s−1. As discussed by Connelly and Greener (Connelly
and Greener, 1985), a possible explanation for these results is the fact
that this equation assumes that the material is an inelastic liquid, and
viscoelastic behavior tends to stabilize these effects, shifting the critical
shear rate to higher values. Comparable results for other complex ma-
terials in similar conditions can be found in literature (Dakhil and
Wierschem, 2014; Marchesini et al., 2019).
In the stepwise methods employed, each shear rate was maintained
for 30 s to give the samples time to achieve steady state. The total time
of each test was kept below 30 min, a period of time in which sedi-
mentation effects were verified to be negligible in the samples. An
important evidence that sedimentation was not an issue during mea-
surements is the fact that the curves obtained via stepwise increasing
the shear rate after a pre-shear step of 10 min coincide in the high shear
rate region with the curves obtained via stepwise decreasing the shear
rate (see Fig. 2).
As illustrated in Fig. 2, the (non-reproducible) flow curve obtained
when stepwise increasing the shear rate without pre-shear (blue curve)
significantly differed from the (reproducible) flow curves obtained with
a 10 min pre-shear (green curves). As indicated in literature, this dif-
ference in flow curves is related to transient effects when the sample
was not pre-sheared, resulting in unreliable data (Mueller et al., 2010;
Marchesini et al., 2015). However, it is interesting to note that, at shear
rate above 30 s−1, the flow curve obtained via stepwise decreasing the
shear rate without pre-shear (red curve) coincides with the flow curve
obtained via a stepwise increase of the shear rate with pre-shear (green
curves). Marchesini et al. (2015) described that steady state was
achieved much faster when decreasing the shear rates stepwise. When
comparing results obtained from the different methods shown in Fig. 2,
the flow curves were less reproducible below 30 s−1 because the 30 s
given for the samples to achieve steady state were not sufficient at the
low shear rates when a stepwise increase method was employed.
In conclusion, reproducible results can be obtained by including the
pre-shear step prior to the stepwise increase of the shear rate if suffi-
cient time is given for the samples to achieve steady state, as discussed
in literature (Mueller et al., 2010; Marchesini et al., 2015). Never-
theless, this time-consuming pre-shear step is not required when per-
forming the experiment via a deceasing shear rate regimen. This al-
lowed to obtain reliable and reproducible results in a time-efficient way
(i.e. 7.5 vs. 17.5 min) and avoids sedimentation effects.
3.4. Preventing apparent wall slip
Apparent wall slip is a widely reported phenomenon (Marchesini
et al., 2012; Bingham, 1922; Barnes, 1995; Cloitre and Bonnecaze,
2017; Malkin and Patlazhan, 2018; Marchesini et al., 2015). As dis-
cussed by Barnes (Barnes, 1995), it occurs when a solvent-rich layer is
formed at the sample-wall interface, which facilitates flow over solid
boundaries because of the lubrication effect. This phenomenon is
mainly observed in flows of dispersions where the dispersed phase is
composed of large particles and when low shear rates, smooth walls and
small dimensions are present. These conditions are typically observed
during rheological analysis, which highlights the importance of pre-
venting apparent wall slip effects during the rheological characterisa-
tion of suspensions to avoid inaccurate data.
In literature, two approaches are discussed to deal with apparent
wall slip. The first approach is to perform multiple experiments with
different geometry gaps and extrapolate the obtained data to large gaps,
to predict slip-free results. A less time-consuming approach is to modify
the surface of the rheometer geometry either via chemical treatment or
physical roughness to disrupt the solvent-rich layer adjacent to the
walls (Barnes, 1995; Cloitre and Bonnecaze, 2017). For rheometer
geometries with a rough surface, it is essential to employ a macroscopic
rugosity on the surfaces, much larger than the size of the dispersed
phase to allow the sample to be sheared in the bulk (i.e. shear applied in
the middle of the sample). In the present study, serrated plates with
Fig. 2. Viscosity of a MET/BA (30/70) suspension at 81 °C as a function of shear
rate obtained with smooth plates. Due to fast sedimentation during/after
sample loading, a 10 min pre-shear of at least 90 s−1 was needed to obtain
reliable results when flow curves were measured in a stepwise increasing re-
gimen (green curves). When the shear rate was decreased stepwise (red curve),
both the time-consuming pre-shear and transient effects were avoided. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
Fig. 3. Ejection of a MET/BA suspension from between smooth plates during a
test in which the shear rate is varied stepwise. The sample spins out at high
shear rates (> 500 s−1).
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dimensions significantly larger than the size of the suspended particles
(Fig. 1 – Table 1) were used to prevent apparent wall slip effects.
The viscosity data of a PAR/BA (20/80) suspension with geometries
of serrated and smooth surfaces are shown in Fig. 4. The flow curves
overlap for shear rates above 10 s−1, a range in which apparent wall
slip is not expected (Barnes, 1995; Marchesini et al., 2015). However,
for the low shear rate range (< 10 s−1), the flow curves obtained with
smooth plates were irregular and the lower viscosity values are evi-
dence of apparent wall slip effects. In contrast, the serrated plates
provided accurate data for this suspension over the entire shear rate
range by preventing apparent wall slip effects in the low shear rate
range since the protrusions on the surfaces disrupted the solvent-rich
layer at the walls.
In contrast to the MET/BA (30/70) suspension (Fig. 2), shear thin-
ning was observed for PAR/BA (20/80) suspension (Fig. 4). These dif-
ferences in rheological behavior are already discussed by De Coninck
et al. (2019).
3.5. Avoiding protrusion flow effects
When using a rheometer geometry with macroscopic roughness on
the surfaces to prevent apparent wall slip effects (e.g. serrated plates), it
is important to ensure that the hypotheses employed in the viscosity
calculation are valid in the measuring range. Rheometer calculations
for serrated plates geometry assume that the shear occurs between two
imaginary surfaces aligned by the tips of the protrusions while the fluid
is stationary between the protrusions. However, flow can occur be-
tween the protrusions resulting in an underestimation of the viscosity
(Carotenuto et al., 2015; Paduano et al., 2019; Nickerson and Kornfield,
2005). For example, in contrast to the data obtained for the more vis-
cous PAR/BA (20/80) suspension (Fig. 4), data obtained with smooth
and serrated plates for the MET/BA (40/60) did not coincide at high
shear rates, as illustrated in Fig. 5. A lower viscosity at high shear rates
(> 10 s−1) was measured using the serrated plates, and this phenom-
enon is linked to protrusion flow. It is important to note that, as de-
monstrated in Figs. 2 and 4, results in the high shear rate range are
reliable and do not depend on the stepwise method employed, as the
shear history is erased very fast in this range. Therefore, a comparison
between serrated and smooth surfaces is valid in the high shear rate
range regardless the stepwise method chosen.
A more detailed explanation for the different behavior observed for
PAR/BA (20/80) and MET/BA (40/60) is provided next. When
analysing a sufficiently high viscous suspension that presents shear
thinning behavior and yield stress, as the PAR/BA (20/80) (Fig. 4), the
hypothesis that the suspension remains stationary between the pro-
trusions is reasonable. This is so because the stresses in the portion of
the sample in between protrusions are significantly lower than the
stresses in the portion of the sample located between the two imaginary
surfaces. Therefore, the portion of the sample in between protrusions
either does not yield or presents such high viscosities that the velocities
in the two imaginary surfaces are approximately zero, as considered in
the calculations. However, for a low viscous suspension that neither
presents a yield stress nor a considerable shear thinning behavior, there
is no significant difference in viscosity inside the sample and flow oc-
curs between protrusions even for sufficiently small stresses, giving rise
to measurement error due to protrusion flow effects.
Based on these findings, the use of serrated plates to prevent ap-
parent wall slip is recommended for highly viscous suspensions that
presents shear thinning behavior and yield stress. For low viscous sus-
pensions with no significant shear thinning behavior and no yield
stress, the analysis is more accurately performed with smooth plates to
avoid measuring errors due to protrusion flow. In the latter case, in-
accurate data are possible in the low shear rate range due to apparent
wall slip. If so, tests with smooth plates and different gaps can be
performed to circumvent apparent wall slip in this case. In contrast,
protrusion flow can only be detected by comparing curves obtained
with smooth or serrated plates. If serrated plates are required and
protrusion flow effects are significant, methods to take protrusion flow
into account in rheological measurements must be used, as recently
discussed in literature (Carotenuto et al., 2015; Paduano et al., 2019).
Alternatively, the flow curve could be built by combining data obtained
with smooth plates in the high shear rate range and rough plates in the
low shear rate range.
3.6. Reproducibility of data
The reproducibility of data was verified by performing different
runs of the same test for each suspension. Three different runs for the
viscosity analyses of PAR/BA (20/80) and MET/BA (40/60) suspen-
sions at 105 °C are illustrated in Fig. 6 to show the typical reproduci-
bility obtained. An excellent level of reproducibility can be achieved in
viscosity analyses of API/fatty acid suspensions, showing that the ex-
perimental methods employed are adequate.
Fig. 4. Viscosity of a PAR/BA (20/80) suspension at 105 °C as a function of
shear rate obtained with smooth and serrated plates. While results were over-
lapping at relatively high shear rates (> 10 s−1), deviating results were ob-
tained in the low shear rate range (< 10 s−1) due to apparent wall slip in the
case of smooth plates.
Fig. 5. Viscosity of a MET/BA (40/60) suspension at 105 °C as a function of
shear rate obtained with smooth and serrated plates. While apparent wall slip
was only observed at low shear rates (< 10 s−1) with smooth plates, serrated
plates resulted in a deviating viscosity at high shear rates (> 10 s−1) due to
protrusion flow.
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4. Conclusion
Reliable viscosity analysis of API/FA suspensions, and pharmaceu-
tical suspensions in general, can only be obtained when taking the
following guidelines into account:
- Prevent deviating phase volumes after sample loading, by loading
an appropriate amount of sample to avoid trimming.
- At high phase volumes (≥25%), the required gap-to-particle-size
ratio may be much larger than the generally accepted 10:1 to ensure
that the continuum hypothesis is valid.
- Reproducible flow curves that are not disturbed by particle sedi-
mentation during sample analysis can be faster measured by varying
the shear rate stepwise from high to low values.
- To prevent apparent wall slip, serrated plates are recommended for
highly viscous suspensions that presents shear thinning behavior
and yield stress, while the flow curves of low viscous suspensions
without significant shear thinning behavior and no yield stress are
more accurately obtained with smooth plates to prevent measuring
errors due to protrusion flow.
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